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The NMR chemical shift, a six-parameter tensor property, is highly sensitive to the position of the atoms in
a molecule. To extract structural parameters from chemical shifts, one must rely on theoretical models.
Therefore, a high quality group of shift tensors that serve as benchmarks to test the validity of these models
is warranted and necessary to highlight existing computational limitations. Here, a set of 10213C chemical-
shift tensors measured in single crystals, from a series of aromatic and saccharide molecules for which neutron
diffraction data are available, is used to survey models based on the density functional (DFT) and Hartree-
Fock (HF) theories. The quality of the models is assessed by their least-squares linear regression parameters.
It is observed that in general DFT outperforms restricted HF theory. For instance, Becke’s three-parameter
exchange method and mpw1pw91 generally provide the best predicted shieldings for this group of tensors.
However, this performance is not universal, as none of the DFT functionals can predict the saccharide tensors
better than HF theory. Both the orientations of the principal axis system and the magnitude of the shielding
were compared using the chemical-shift distance to evaluate the quality of the calculated individual tensor
components in units of ppm. Systematic shortcomings in the prediction of the principal components were
observed, but the theory predicts the corresponding isotropic value more accurately. This is because these
systematic errors cancel, thereby indicating that the theoretical assessment of shielding predictions based on
the isotropic shift should be avoided.

Introduction

The sensitivity of the chemical shift on electronic structure
is well established.1 While this sensitivity may be unrivalled,
the chemical shift has an elusive dependence on the molecular
structure and, therefore, spectroscopists must rely on theory to
ascertain the valuable structural information encoded within the
shift. Now that accurate quantum mechanical calculations can
be achieved with modest computational resources, quantum
mechanical predictions of chemical shielding are routinely used
to describe the shift in terms of structural parameters. Con-
versely, the intimate structure-shielding relationship endorses
modeling the chemical shift as a means to develop theoretical
methodologies. For these reasons, numerous studies of shielding
calculations can be found in the literature.2 The extensive use
of these methodologies makes it greatly important to establish
the reliability limits of common methods used to calculate
chemical shieldings, but these limits ought to be based on the
best experimental measurements available.

The chemical shift is a tensor quantity whose parameters can
be readily measured to a high degree of accuracy, 0.75-1.5
ppm for13C nuclei, in the solid state. This accuracy is improved
to <0.5 ppm for single-crystal NMR data.3 In comparison, the
quantum mechanical theory has a reliability for carbon nuclei
on the 3-6 ppm level.1 While this accuracy may be impressive,
calculated shieldings still limit the confidence of many conclu-
sions derived from NMR chemical-shift data.4 Solid-state NMR
data may be complemented with high quality diffraction data,
which provide the structural parameters for theoretical models.

Hence, it is possible to simultaneously have high quality
chemical-shift data and an accurate corresponding molecular
structure of a system for modeling purposes.5,6

It is advantageous to consider the complete chemical-shift
tensor when judging theory, because the directional properties
of the tensor are associated with the nuclei’s three-dimensional
electronic environment. This orientational information may shed
light on the failings of a theoretical model masked by the
isotropic averaging. Therefore, a more stringent test is obtained
by modeling the tensor parameters as opposed to limiting the
judgment to the isotropic value. The latter may lead to the
accidental cancellation of erroneous features predicted by the
theory. In addition, the tensor components span a larger range
of values than their isotropic values. The increased range of
measured shift values and the additional number of measured
parameters significantly improve the fitting statistics, thus
reducing the uncertainty in the fitting parameters.

Density functional theory (DFT) has gained considerable
popularity due to its computational efficiency and is therefore
promising for quantum mechanical calculations of complex
systems. However, the semiempirical character of DFT chal-
lenges its development and a universal acceptance is still
desired.7 The common approach to test shielding calculations8-17

has been limited to small tests on simple molecules where
rotvibrational corrected experimental chemical shifts are known.
Clearly, the expansion of theoretical studies to a larger class of
molecules is warranted. However, an appropriate test group has
not been established. The sheer number of shifts published in
the literature and the high spectral resolution makes liquid-phase
experimental data attractive. However, this test group brings* Corresponding author. E-mail: riuliucci@washjeff.edu.
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the experimental conditions into question because the temper-
ature and solvent dependences on the shifts are well-known.
Further, confidence in the nuclear coordinates used in the model
becomes questionable because they too are commonly provided
by theory.

Although sufficient data of chemical-shift tensors exist,18

tensor data have yet to be fully utilized for testing DFT
methodologies. Here, we demonstrate the value of using the
complete chemical-shift tensor by comparing the performance
of the Hartree-Fock method for calculating chemical shieldings
with several density functional theory approaches that have been
proposed. We limit the scope of the experimental shift values
to the highly precise single-crystal13C tensor data acquired at
the University of Utah over the years. To best mimic the solid-
phase structure of the shift data, neutron diffraction data are
used here to determine the nuclear coordinates in order to avoid
uncertainties in the calculations due to the poor resolution of
the hydrogen atom positions observed in X-ray studies.5 At this
point in time, intermolecular effects and vibrational correction
to molecular geometries are handled indirectly as their influence
is reflected in the observed diffraction coordinates. Regardless
of this limitation in the model, their absence does not over-
shadow the merits of using tensor data to judge theoretical
models as demonstrated here.

Theoretical Background
Chemical Shielding.Chemical shielding refers to the phe-

nomenon associated with the secondary magnetic field created
by the induced motions of the electrons surrounding the nuclei
when in the presence of an applied magnetic field. The energy
of a magnetic moment,µ, in a magnetic field,B, is

where the shielding,σ, is the differential resonance shift due to
the induced motion of the electrons. The chemical shielding is
characterized by a real three-by-three Cartesian matrix, which
can be decomposed into a single scalar term, three antisymmetric
pseudovector components, and five components corresponding
to a symmetric tensor.19 Only the single scalar and the five
symmetric tensor elements can be observed in the normal NMR
spectra of solids. For brevity, these six values are usually
referred to as the shielding tensor:

that can be obtained by averaging the off-diagonal values of
the complete tensor.

NMR experiments do not allow the direct measurement of
the chemical shielding, but rather, the variation in resonance
frequencies of different nuclei provides the measurement of their
relative shieldings called the chemical shift. These experimen-
tally measured shifts,δe, obey the same tensor properties of
the chemical shielding. The calculated shielding,σc

ij , and
experimental shift,δe

ij, elements have a one-to-one cor-
respondence given by

where the proportionality constant,m, is equal to-1 and the
offset value,σref, corresponds to the isotropic shielding of the
reference compound. The offset value is only added to diagonal
elements as expressed in eq 3 by the use of the Kronecker delta,
Kij. The isotropic shielding of the reference compound is either

estimated from gas-phase measurements or assumed from
calculations.20 The linear relationship between the chemical shift
and shielding given by eq 3 can be transformed into a linear
least-squares regression for the comparison of the calculated
shieldings to the measured shifts by making bothm and σref

adjustable fitting parameters. The total degrees of freedom
become six times the number of tensors subtracting two to
account for the proportionality constant and the offset value.
Since the uncertainties in the experimental measured shift
frequencies are much less than the ability to calculate shielding
values, the experimental tensor elements will be set as the
independent variable.

The nonuniform addition of an offset value to the Cartesian
tensor elements in eq 3 presents a complication when comparing
two tensors quantitatively, and all six elements cannot be equally
judged.21 This complexity can be handled in two ways. The six
elements can be separated into two sets of three principal values
and three Euler angles describing their spatial orientation. With
this approach, the principal values and angles are analyzed
separately. Alternatively, the tensor can be transformed into the
icosahedral representation, which is orthogonal in six dimen-
sions, eliminating the differential treatment of the diagonal and
nondiagonal elements as with the Cartesian representation.

The six icosahedral shielding parameters are related to the
Cartesian representation by the following transformations:

where the normalization constantsa andb are

respectively. The orthogonality of the icosahedral representation
implies that each icosahedral component is scaled identically
and each element has the same offset value added when
transforming between relative (shift) and absolute (shielding)
scales

where the numerical index,i, denotes the six icosahedral
parameters. All six icosahedral parameters contribute equally
to the isotropic value.

The linear correlation between calculated shieldings and
measured shift values allows the model chemistries used in the
calculations to be evaluated using the scatter in the fit and
deviations from an ideal slope as a measurement of their success.

E ) -µ‚(1 - σ)B (1)
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Due to the large uncertainty in the determination of the absolute
chemical shieldings of reference compounds, it is unwise to use
the comparison of the linear regression intercept with the
absolute shielding of the reference as a valid quality of the
theoretical model. In this paper, we have determined the scatter
of the fit by a root-mean-square deviation (rmsd)

wheren is the total number of tensor elements, i.e., 6 times the
number of complete tensors.

Shielding Distance.The difference between two tensors can
conveniently be described with a single scalar geometric
distance.21 In the icosahedral representation, the shielding
distance,d, is the square root of the average difference between
the six orthogonal tensor parameters:

whereσi andσ′i are theith icosahedral tensor components of
the two tensors being compared. The shielding distance only
becomes meaningful when the two sets of tensors are given in
the same reference scale (i.e., relative shift or absolute shielding)
and in the same reference frame (i.e., molecular or crystal-
lographic frame). All the tensors used in this paper are in the
crystal frame that was also used in the calculations. The
shielding distance, eq 8, reproduces the rmsd, eq 7, but it is
useful to identify systematic deficiencies in the model chem-
istries used in the shielding calculations by examining individual
components of the tensor such as the isotropic value, the
individual principal components, or their orientation.

While the three individual principal components of two
tensors can be compared directly, the squared shielding distance
for the three components in the icosahedral representation is
given by

d2
pv is derived by diagonalizing the two Cartesian tensors and

neglecting the differences in the Euler angles. In other words,
the principal axis systems of the two tensors are assumed
identical. Givend2 andd2

pv, the distance accounting for their
different orientations can be determined by subtracting the
principal value distance squared from the full distance squared:

This allows for the orientation of the tensors to be quantified
in units of ppm. A rms can be determined for the set of shielding
distances

whered2
i can be eitherd2, d2

pv, or d2
orient or the squared distance

for any of the three individual principal components for theith
tensor.

Computational Details
All chemical shielding calculations were performed using the

Gaussian quantum mechanical software package.22 The level of
theory or model chemistries were specified by a combination of
quantum mechanical method and basis set. The double and triple
correlation consistent basis sets of Dunning, cc-pvdz and cc-pvtz,
were used in all the calculations.23 The basis sets were selected
for this study following the work by Botto et al.24 who demon-
strated their utility in the calculation of NMR chemical shield-
ings. Eight standard density functional approaches along with
the restricted Hartree-Fock approach were used to model the
chemical shielding data. The different exchange and correlation
functionals used in the DFT calculations are given in Table 1.
These 18 model chemistries are listed in Table 2. The gauge
including (invariant) atomic orbital (GIAO) method25 was used
in all the NMR shielding tensor calculations performed here. The
statistical analysis of the data was done using programs written
in the framework of the MathWorks MatLab software package.26

By the various quantum mechanical methods, 102 complete
13C chemical-shift tensors from 15 molecules (naphthalene,27,28

acenaphthlene,29,30 triphenylene,31,32 sucrose,33,34 methyl-D-
mannopyranoside,35,36methyl-D-galactopyranoside,35,37methyl-
D-glucopyranoside,35,38 methyl-D-xylopyranoside,35,39 methyl-
D-fructopyranose,40,41 methyl-D-xylopyranose,40,42 methyl-L-
sorbopyranose,40,43methyl-L-rhamnose,44,45and pentaerythritol46,47)
were modeled. The molecules were selected because there are
data on their full13C chemical-shift tensors and accurate atomic
coordinates from neutron diffraction data. To ensure equal
quality of the NMR data, only single-crystal studies with tensor
elements measured with a precision below 0.5 ppm were
included in the study. The NMR data and neutron diffraction
structures were taken from the literature as indicated above. The
data analyzed included all 102 carbon tensors in those molecules.
Subsets of the 35 sp2 carbon tensors from the aromatic molecules
and the 65 oxygenated sp3 carbons (i.e., alcohol, ether, methoxy,
acetal, ketal, or hemiacetal carbon) from the saccharide mol-
ecules were also considered separately.

Results and Discussion
Linear Regression.The overall quality of the linear cor-

relation between the experimental carbon shifts and the calcu-
lated shieldings is very impressive. The least-squares parameters
(scatter, slope, and intercept) for the 18 model chemistries are
presented in Table 2. The scatter estimates the model’s
inconsistency to describe the shielding of chemically similar
nuclei that contain subtle differences in solid-phase structure,
while the slope reflects systematic flaws of the methodologies.

TABLE 1: Theory sExchange and Correlation Functionals

symbola exchange functional correlation functional

rhf Hartree-Fock approach none
hfb Becke’s 1988 functional none
hfs Slater none
blyp Becke’s 1988 functional Lee, Yang, and Parr
b3lyp Becke’s three-parameter

hybrid
Lee, Yang, and Parr

b3p86 Becke’s three-parameter
hybrid

Perdew’s 1986 gradient
corrected

bvwn Becke’s 1988 functional Vosko, Wilk, and Nussair
svwn Slater Vosko, Wilk, and Nussair
mpw1pw91 modified Perdew-Wang Perdew-Wang 1991

a See ref 22 for details.
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The scatter, recorded as a root-mean-square deviation, has units
of ppm. Since the13C chemical-shift values span 220 ppm, a
rmsd of 4.5-6.3 ppm is only a relative error of 2.0-2.7%. The
ideal proportionality constant,-1, can be reproduced to 2% by
three of the DFT methods. The ability of the theory to predict the
shift is best exemplified graphically in Figure 1, where the
Hartree-Fock and DFT model chemistries with the smallest
rmsd are plotted for all 102 tensors, that is, the 65 saccharide ten-
sors and the 35 aromatic tensors. With a reliability better then
3%, one can readily justify the use of quantum mechanical calcu-
lations to assign complete experimental tensor data to nuclear pos-
itions in simple molecules. However, when presented with par-
tial tensor data (i.e., the principal values obtained by powered
samples), better accuracy is necessary to ubiquitously assign
the data.4

An F-test was used to evaluate the rmsd values in order to
compare statistically the model chemistries. In Table 3, we report
the minimum rmsd values that are required to make their differ-
ences not significantly different at the 5% probability level. The
variance of the models is represented by the squared rmsd. The
F-ratio that corresponds to a 5% probability is determined,
allowing one to estimate the 5% cutoff rmsd value for the three
groups of tensors. It has been found that no single model chemis-
try statistically outperforms all of the others. For instance when
considering all 102 tensors, the b3p86 functional is equivalent
to the mpw1pw91/cc-pvdz model. Ten of the 18 models are
found to be equivalent to mpw1pw91/cc-pvdz for the aromatic
group of tensors. All of the acceptable models are of the DFT
type, and each of them represents a significant improvement
over the Hartree-Fock approach. It is commonly argued that
the lack of electron correlation prevents the HF approach from
predicting the shielding of aromatic carbon tensors.19

The inability of the increased basis set, cc-pvtz, to improve
the rmsd may be indicative of the large basis sets required for
magnetic properties. The paramagnetic term of the shielding is

dependent on the outer electrons, requiring a sizable basis for
their description. A convergence of the isotropic shielding of
gas-phase molecules has been shown to require larger than triple-
ú.14 To observe an improvement, one may need to go beyond
the triple-ú basis set.

Components.The individual tensor elements in themselves
carry information about the chemical bonding in a molecule.
Given their orientational dependence, systematic flaws in the
tensor components may shed light on inadequacies of the model.
Table 4 lists the chemical shielding distance for all the model
chemistries analyzed here. The shielding distance for the full
tensor reproduces the rmsd of the linear correlation fit, and no
additional information is gained from column one of Table 4.

The proportionality constant in the regression analysis is a
good indicator of systematic problems associated with the theory
and its ability to describe the electronic structure near a particular
type of atomic hybridization, that is, sp2 carbon, sp3 carbon, or
oxygen substitution effects. The small uncertainty in the slopes,
0.003 ppm shielding/ppm shift or less, compared to the large
variation of slopes reported for the different models, 0.01 ppm
shielding/ppm shift or more, allows one to derive conclusions
about the theory based on deviations from the ideal slope. A
slope> -1 indicates that the model chemistry overpredicts the
shielding, while a slope< -1 suggests an underestimation of
the shielding magnitude. The Hartree-Fock level adequately
describes the saccharide shielding range but overestimates the
aromatic values by 5-9%. The slope here may be compensating
for the lack of electron correlation in the HF approach. The
overestimation of the shielding by the DFT methodologies is
significantly high, 10-20%. This suggests an inherent system-
atic deficiency with DFT to describe the effect of oxygen
substitution or that the hydrogen bonding effects, not included
in these models, may be playing a decisive role on the saccharide
carbon tensors. It is interesting to observe that the slope increases
with the larger basis set for every case regardless of the theory
or carbon type. However, to make conclusions about this trend,
further studies with larger basis sets are necessary.

The magnitude of the chemical shielding is captured by the
principal components of the tensor. The combined shielding
distance for all three principal values,dpv, obtained by eq 11
shows the ability of the theory to predict the overall shielding
magnitude. Once more, the accuracy of the theory is impressive;

TABLE 2: Least-Squares Regression of Model Chemistries with Tensor Test Group

all carbons (102) all saccharide (65) aromatic (35)

method basis rmsd slopea interceptb rmsd slopec interceptb rmsd slopea interceptb

rhf cc-pvdz 5.35 -1.069 211.7 4.14 -0.956 205.2 4.91 -1.043 205.4
rhf cc-pvtz 5.58 -1.104 204.0 3.73 -0.966 196.0 5.41 -1.078 197.4
hfb cc-pvdz 5.74 -0.908 180.6 5.02 -1.091 192.5 3.54 -0.905 182.6
hfb cc-pvtz 5.97 -0.965 171.9 5.08 -1.150 183.7 4.07 -0.969 175.1
hfs cc-pvdz 5.88 -0.954 187.6 5.38 -1.144 200.1 3.12 -0.944 188.4
hfs cc-pvtz 5.94 -1.019 177.7 5.49 -1.203 189.7 3.37 -1.015 179.5
blyp cc-pvdz 5.70 -0.922 181.9 5.05 -1.108 194.0 3.34 -0.916 183.2
blyp cc-pvtz 5.87 -0.981 172.8 5.03 -1.171 185.0 3.77 -0.982 175.5
b3lyp cc-pvdz 4.79 -0.966 189.6 4.70 -1.085 197.6 3.32 -0.953 188.7
b3lyp cc-pvtz 4.78 -1.022 180.8 4.60 -1.133 188.2 3.73 -1.015 180.9
b3p86 cc-pvdz 4.61 -0.972 192.9 4.51 -1.091 201.1 3.13 -0.955 191.2
b3p86 cc-pvtz 4.46 -1.022 184.6 4.31 -1.130 192.0 3.40 -1.011 183.9
bvwn cc-pvdz 5.46 -0.920 181.2 4.81 -1.099 193.0 3.38 -0.912 182.0
bvwn cc-pvtz 5.58 -0.975 172.3 4.76 -1.156 184.0 3.76 -0.975 174.7
svwn cc-pvdz 5.57 -0.967 188.5 4.98 -1.155 201.1 3.18 -0.950 187.9
svwn cc-pvtz 5.55 -1.030 178.4 4.99 -1.211 190.4 3.38 -1.022 179.2
mpw1pw91 cc-pvdz 4.41 -0.983 194.8 4.42 -1.081 201.8 3.12 -0.964 192.6
mpw1pw91 cc-pvtz 5.14 -1.036 188.2 5.58 -1.112 193.8 3.40 -1.017 185.5

a The uncertainty in the slope is 0.002 shielding ppm/shift ppm.b The uncertainty in the intercept is 0.2 ppm.c The uncertainty in the slope is
0.003 shielding ppm/shift ppm.

TABLE 3: F Probability Distribution for the Least-Squares
rmsd

all saccharide aromatic

degrees of freedom 610 388 208
ratio for 5% probabilty 1.14 1.18 1.26
lowest rmsd (ppm) 4.41 3.73 3.12
cutoff rmsd (ppm) 4.71 4.06 3.50
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Figure 1. (a) Linear correlation between calculated chemical shielding and experimental shift values. All 102 tensors are considered. The model
chemistries plotted are the lowest rmsd HF method, rhf/cc-pvdz (blue dots with red line), and the DFT method, mpw1pw91/cc-pvtz (red dots with
blue line). The tensor parameters are in the icosahedral representation. (b) Linear correlation between calculated chemical shielding and experimental
shift values when only the 65 saccharide tensors are considered. The model chemistries plotted are the lowest rmsd HF method, rhf/cc-pvtz (blue
dots with red line) and DFT method, b3p86/cc-pvtz (red dots with blue line). The tensor parameters are in the icosahedral representation. (c) Linear
correlation between calculated chemical shielding and experimental shift values when only the 35 aromatic tensors are considered. The model
chemistries plotted are the lowest rmsd HF method, rhf/cc-pvdz (blue dots with red line), and the DFT method, mpw1pw91/cc-pvtz (red dots with
blue line). The tensor parameters are in the icosahedral representation.
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the averagedpv rms is <4 ppm. Overall, b3p86/cc-pvtz and
mpw1pw91/cc-pvdz give the lowestdpv rmsd. Attention should
be given to mpw1pw91/cc-pvdz because of the smaller deviation
from unity slope and the smaller number of basis functions
associated with cc-pvdz. Again, the above rmsd trends for the
different models to predict the shielding are reproduced in the
shielding magnitude.

Since the principal value distance assumes identical principal
axis systems for the compared tensors, the square root of the

difference betweend2 andd2
pv reflects the discrepancies in the

tensor orientation. This orientational distance,dorient, allows the
assessment of the ability of the theory to predict the principal
axis system in units of ppm. From Table 4, one sees that the
theory can predict the orientation equally if not better than the
magnitude of the shielding. This trend appears independent of
the model. Furthermore, the variation indorient between the
different models is smaller than the variations observed in the
prediction of the magnitude. Therefore, the failing of a model
to predict the orientation is not proportional to its inability to
predict the magnitude. For the aromatic tensors, the rms ofdorient

is significantly less than the one for the magnitude. This can
be explained by the fact that the associated ring currents dictate
that σ33 is perpendicular to the molecular plane.5,27,29,31 In
comparison, the principal axis system of the sp3 saccharide
tensors is less constrained. There is only a modest improvement
of the theory to reproduce the orientation compared to the
magnitude, 10% on average. For the saccharide tensors, the
Hartree-Fock approach provides the best prediction of the
tensor orientation.

The examination of the three individual principal components
reveals some systematic problems with the theory. For the
saccharide molecules,σ22 systematically has the smallest rms
distance, whileσ33 has the largest. On average, the differences
are >2 ppm. Conversely,σ22 is typically the worst principal
value predicted for the aromatic tensors. This pattern is not as
consistent throughout the model chemistries as it is with the
saccharide tensors. For the aromatic tensors,σ22 is the shielding
perpendicular to the carbon-hydrogen bond and may be
indicative of problems associated with the position or motion
of the hydrogen atom.

Isotropic Shielding. When examining the shielding of gas-
or liquid-phase molecules that incorporate spatial averaging,
comparison of theories is limited to the isotropic shift values.
To highlight the potential to obtain misleading results, we
examine isotropic rmsd’s here. The values presented are
considerably smaller than those found by others, which is
primarily a consequence of using a linear model as opposed to
the absolute differences.17 Furthermore, the improvement can
be attributed to the careful selection of compounds for this study
that included only those with high quality diffraction structures
as well as NMR data.

Since systematic errors are suspected in the theoretical
predictions of the individual principal values, accurate isotropic
predictions can only be observed accidentally. This is particu-
larly evident for the HF method.diso for rhf/cc-pvtz is a third
of dpv, suggesting that the calculations are capable of reproduc-
ing the isotropic shift very accurately. However, this accuracy
comes as an oversimplification and this fallacy can be revealed
by considering error propagation. The uncertainty,E, in the
isotropic value can be estimated by propagating the errors from
the three principal components

where the uncertainty in the principal components can be
estimated from the rms distance,dii. The partial derivative of
the isotropic shift with respect to each of the principal
components is a constant,1/3. Assuming no correlation between
the uncertainties in the principal components, the uncertainty
in the isotropic value for the rhf/cc-pvtz model should exceed
4.3 ppm, a value approximately equal todpv. The rmsd for the

TABLE 4: Chemical-Shift Distance of Model Chemistries
with the Tensor Test Groupa

method basis
full

tensor principal isotropicσ11 σ22 σ33

orien-
tation

All Tensors
rhf cc-pvdz 5.35 4.28 3.80 6.74 4.82 6.49 2.29
rhf cc-pvtz 5.58 4.59 3.80 7.60 5.10 6.86 2.25
hfb cc-pvdz 5.74 4.41 4.38 6.00 5.06 6.85 2.65
hfb cc-pvtz 5.97 4.60 4.38 5.61 5.93 7.25 2.86
hfs cc-pvdz 5.88 4.35 4.46 5.77 4.21 7.67 2.83
hfs cc-pvtz 5.94 4.35 4.35 5.14 4.40 8.01 3.05
blyp cc-pvdz 5.70 4.31 4.35 6.06 4.61 6.89 2.67
blyp cc-pvtz 5.87 4.49 4.35 5.66 5.24 7.26 2.86
b3lyp cc-pvdz 4.79 3.36 3.47 4.54 3.99 5.78 2.52
b3lyp cc-pvtz 4.78 3.31 3.24 4.06 4.41 5.86 2.67
b3p86 cc-pvdz 4.61 3.20 3.25 4.63 3.45 5.54 2.53
b3p86 cc-pvtz 4.46 3.00 2.93 3.98 3.52 5.48 2.64
bvwn cc-pvdz 5.46 4.10 4.09 6.18 4.36 6.25 2.63
bvwn cc-pvtz 5.58 4.24 4.05 5.75 4.91 6.60 2.81
svwn cc-pvdz 5.57 4.10 4.14 6.00 3.77 7.07 2.71
svwn cc-pvtz 5.55 4.02 4.00 5.35 3.66 7.35 2.91
mpw1pw91 cc-pvdz 4.41 2.96 3.04 4.30 3.29 5.29 2.50
mpw1pw91 cc-pvtz 5.14 3.41 3.92 4.41 4.85 5.89 2.62

5.36 3.95 3.89 5.43 4.42 6.58 2.67

All Saccharide
rhf cc-pvdz 4.14 2.76 3.06 4.01 2.61 4.30 2.45
rhf cc-pvtz 3.73 2.36 2.46 3.48 2.14 4.03 2.43
hfb cc-pvdz 5.02 3.43 3.78 4.50 3.80 5.98 2.70
hfb cc-pvtz 5.08 3.37 3.65 4.03 3.51 6.32 2.95
hfs cc-pvdz 5.38 3.76 3.89 4.27 4.03 6.84 2.99
hfs cc-pvtz 5.49 3.67 3.79 3.92 3.74 7.23 3.26
blyp cc-pvdz 5.05 3.45 3.80 4.46 3.90 5.93 2.72
blyp cc-pvtz 5.03 3.30 3.62 4.01 3.42 6.19 2.94
b3lyp cc-pvdz 4.70 3.18 3.55 4.26 3.42 5.41 2.59
b3lyp cc-pvtz 4.60 2.96 3.28 3.78 2.94 5.54 2.76
b3p86 cc-pvdz 4.51 3.01 3.33 4.16 3.31 4.83 2.61
b3p86 cc-pvtz 4.31 2.65 2.96 3.56 2.71 4.84 2.74
bvwn cc-pvdz 4.81 3.23 3.61 4.61 3.65 5.15 2.67
bvwn cc-pvtz 4.76 3.02 3.42 4.03 3.21 5.40 2.87
svwn cc-pvdz 4.98 3.43 3.67 4.26 3.78 5.93 2.78
svwn cc-pvtz 4.99 3.23 3.50 3.77 3.32 6.16 3.02
mpw1pw91 cc-pvdz 4.42 2.92 3.24 4.07 3.17 4.69 2.60
mpw1pw91 cc-pvtz 5.58 3.52 4.61 4.66 5.23 5.61 2.76

4.81 3.18 3.51 4.10 3.44 5.58 2.77

All Aromatic
rhf cc-pvdz 4.91 4.11 1.97 6.48 8.04 4.58 2.17
rhf cc-pvtz 5.41 4.64 1.93 7.24 9.53 4.74 2.21
hfb cc-pvdz 3.54 2.79 1.64 3.56 5.03 3.87 1.96
hfb cc-pvtz 4.07 3.25 1.59 4.18 6.61 4.22 2.12
hfs cc-pvdz 3.12 2.27 1.54 2.92 2.98 4.02 1.96
hfs cc-pvtz 3.37 2.51 1.50 3.30 3.40 4.41 2.10
blyp cc-pvdz 3.34 2.57 1.64 3.32 4.17 3.82 1.95
blyp cc-pvtz 3.77 2.94 1.61 3.84 5.39 4.23 2.10
b3lyp cc-pvdz 3.32 2.58 1.61 3.64 4.18 3.76 1.87
b3lyp cc-pvtz 3.73 2.95 1.56 4.21 5.42 4.11 1.98
b3p86 cc-pvdz 3.13 2.39 1.56 3.34 3.30 3.87 1.84
b3p86 cc-pvtz 3.40 2.63 1.49 3.80 4.01 4.19 1.95
bvwn cc-pvdz 3.38 2.62 1.73 3.37 4.27 3.82 1.94
bvwn cc-pvtz 3.76 2.94 1.66 3.85 5.29 4.24 2.09
svwn cc-pvdz 3.18 2.36 1.56 2.94 3.18 4.24 1.94
svwn cc-pvtz 3.38 2.50 1.57 3.20 3.01 4.82 2.07
mpw1pw91 cc-pvdz 3.12 2.39 1.53 3.44 3.29 3.78 1.84
mpw1pw91 cc-pvtz 3.40 2.65 1.48 3.93 4.15 4.04 1.93

3.63 2.84 1.62 3.92 4.74 4.15 2.00

a The chemical-shift distance is reported as a rms in units of ppm.
Eiso ) [(∂σiso

∂σ11
)2

E2
11 + (∂σiso

∂σ2
)2

E2
22 + (∂σiso

∂σ33
)2

E2
33]1/2

(12)
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isotropic value is drastically underestimated. Once more,dpv is
a better indicator for a method to predict the magnitude of the
shielding.

By examining the residual difference between the calculated
shielding and the experimentally observed shielding, the cancel-
lation effect for obtaining the artificially good isotropic values
becomes self-evident. Figure 2 contains the residuals of the three
principal values (blue,σ11; red, σ22; green,σ33) as well as for
the isotropic value (black) for rhf/cc-pvtz (top) and mpw1pw91/
cc-pvdz (bottom) of the aromatic tensors. Not only are the

deviations of the principal components large, 9.53 ppm forσ22

of rhf/cc-pvtz, but they are also biased. The errors in one prin-
cipal component,σ22, for the aromatic carbon are counterbalanced
by the errors in the other two components,σ11and σ33. The
resulting isotropic value is predicted artificially accurate, as seen
by the small deviation from zero for each tensor. For the DFT
method, the principal components deviate significantly less and
do not appear as biased. The mpw1pw91/cc-pvdz residuals of
the individual components are shown to be more random and
less systematically predicted than with the HF method.

Figure 2. Residuals between the predicted shielding and experimental shift principal components for rhf/cc-pvtz (top) and mwp1pw91/cc-pvdz
(bottom). See text for details.
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Conclusions

Accurate calculations of the nuclear magnetic shielding
potentially allows for a direct interpretation of the resonant shift
in terms of molecular structure. To achieve this goal, reliable
model chemistries must be identified. The computational
demands of large molecular systems make density functional
theory an attractive alternative to pure ab initio approaches.
Hence, the development of a means to assess these model
chemistries is necessary. Here, an analysis based on the complete
tensor combined with quality diffraction coordinates is proposed
as a test group of moderate size molecules.

For carbon chemical shifts, the current level of theory to
predict the shift is at the 3-6 ppm range.3 Again, the results
here show current DFT methods are comparable and in many
cases outperform HF. In particular, Becke’s three-parameter
exchange method as well as mpw1pw91 tends to perform well
for the groups of tensors considered here. However, the
diminished ability for these functionals to predict the saccharide
carbon tensors fails to show universal consistency. New hybrid
and generalized gradient approximation functionals, designed
for shielding calculations, have recently been proposed,48-50 and
it will be important to test how well these functionals can predict
the shielding tensor used here.

The results using the complete tensor to assess model
chemistries emphasized current systematic problems. The devia-
tion from ideal slopes was at times alarmingly high, 10-20%.
The trend for the triple-ú basis to increase the slope without
improving the rmsd was also observed. The availability of the
complete tensor allows for one to critique the principal axis
system in units of ppm. The orientational dependence of
principal components may be used to spatially explain the
failings of the theory. Moreover, the tendency of the methods
to systematically predict principal components erroneously can
result in an artificially accurate isotropic value, limiting the use
of gas- or liquid-phase chemical-shift data.
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